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similarities using a clustering algorithm called adaptive resonance theory (ART-2a) 145 (Song et al., 1999) . Similar to previous studies (Huang et al., 2013; Zhai et al., 2017) 146 (Gong et al., 2016; Spencer et al., 2007) , the vigilance factor, learning rate, and 147 iterations for ART-2a algorithm were set to 0.85, 0.05, and 20, respectively. Finally, 148 five particle types were manually combined based on the similarity of their chemical 149 nature. 150 Noticeably, the particles with mobility size at 120 nm cannot be detected by the 151 SPAMS, as they were smaller than the lower limit (200 nm) of size range of the 152 SPAMS. According to Slowik's study, the vacuum aerodynamic diameter (dva) of 153 compact aggregated BC particles was linearly proportional to mobility diameter (dm), 154 specifically, dva = 1.3*dm (Slowik et al., 2004) . Here we assume that most detected BC 155 particles follows this relation (dva = 1.3*dm). In this study, only particles with D0 = 156 120 nm, 240 nm and 360 nm were studied with the HTDMA-SP2 system. These Health thermal/optical transmittance measurement protocol (NIOSH 5040), with a 166 PM2.5 impactor inlet. Detailed information can be found in the previous publication 167 ( Wang et al., 2016a) . Concentration of secondary organic carbon (SOC) was 168 estimated using the method of minimum ratio of OC/EC (Chou et al., 2010) , which is 169 calculated by the following equation. (1) 171 where OC and EC are the measured hourly mass concentrations of organic 172 carbon and elemental carbon. (OC/EC)pri is the OC/EC ratio for primary aerosol 173 emission. At urban locations, the (OC/EC)pri was assumed to be the minimum value of 174 OC/EC ratio throughout the whole study sampling period (Cao et al., 2013) . The OC 175 vs EC plot is displayed in Fig. S1 . We use the minimum value 2.2 as the (OC/EC)pri, 176 in this work. for HTDMA-SP2 system, only one size (D0) was studied for each sampling period.
213
Specifically, D0 = 120, 240 and 360 nm was measured during 2017/07/04 06:00:00～ 214 2017/07/07 05:00:00, 2017/07/07 06:00:00～2017/07/10 05:00:00 and 2017/07/10 215 06:00:00～2017/07/16 05:00:00, respectively.
216
We studied three GFs (GF=1.0, 1.2 and 1.4) for each D0. The GF selection was 217 based on the GF size distribution of BC particles. A general picture of hygroscopicity 218 of total sampled ambient particles is shown in Fig. 3 presumably was also intensified by lower boundary layer heights at those times.
256
As shown in Fig. 4 and hydrophilic mode BC particles (like transition mode for 120 and 240nm BC 269 particles) showed a clear daily maximum during 12:00 ~ 15:00 ( Fig. 4(a) ). This trend In addition, the diurnal variations of BC particle number fraction showed that 290 during nighttime much larger proportion of BC particles were in hygroscopic mode 291 compared to daytime, indicating that hygroscopicity of BC at night was much 292 stronger than that in the daytime. The main reason will be discussed in Section 3.3. It's interesting to note that the core sizes for the hygroscopic mode BC particles 303 increased during nighttime (21:00 to 6:00) while coating thickness decreased (since 304 the entire electron mobility diameter was fixed). This observation suggests that the 305 coating material on BC particle might be different between daytime and nighttime. To 306 achieve the same GF, a thicker coating thickness is required for the less hygroscopic 307 coating materials, as the hygroscopicity of BC core is always constant (GF = 1.0). 
353
"Others" particle type was not grouped to any of the previous four types; and it 354 accounts for only 8.5% in total BC particle number concentration. The average mass 355 spectra of this particle type are displayed in Fig. S2 (e) . However, it is not the focus of 356 this study.
357
The relative fractions of aerosol types as a function of particle size were plotted 358 in Fig. S4 . Generally, the number fraction for each particle type is highly dependent G200-400 and G400-800, respectively.
368
The diurnal variations of number fraction of each particle type in G200-400 were 369 calculated and shown in Fig. 6(a) . It is found that number fraction of the EC and 370 NaKEC types displayed pronounced diurnal patterns with two major peaks in the 371 early morning (6:00 ~ 9:00) and in the evening (18:00 ~ 21:00), which possibly 372 related to traffic. From the hygroscopicity measurement (D0 = 240 and 360 nm in Fig.   373 4(a)), the elevated BC particle number concentration at GF=1.0 during these two 374 time-frames suggests that the elevated concentrations of hydrophobic BC particles 375 aerosol were probably associated with EC and NaKEC types, which are produced 376 from traffic sources.
377
A different pattern has been observed for G400-800 (shown in Fig. 6(b) ). The
378
ECOC and KEC types accounted for the major number fractions in the 400 nm ~ 800 379 nm range. The diurnal variations of these two particle types share a similar trend, 380 while other two types (EC and NaKEC) showed no significant variation. The EC and 381 NaKEC types only attributed to small proportions of G400-800 particles. Interestingly, 382 the number fraction of ECOC in G400-800 also showed two major peaks in the morning 383 and evening, suggesting that ECOC was aged BC particles from traffic emissions. The
384
KEC peak in the evening was much more pronounced than that in the morning, and 385 this might be due to biomass burning which is still widely used by domestic cooking 386 (in the evening) in the countryside around Shanghai city. These BB aerosols were 387 then transport to the sampling site. MARGA during this field study. As shown in Fig. 7(c) , the average sulfate 404 concentration varied in a small range from ~ 4.8 to 6.1 µg/m 3 . Its concentration in the 405 daytime was only slightly higher than that of nighttime. The average mass 406 concentration of NO 3 − varied between 1.1 µg/m 3 and 4.4 µg/m 3 with an average of 2.3 407 µg/m 3 . Similar to our previous study (Wang et al., 2016a) , the nitrate concentrations 408 at night were clearly elevated ( Fig. 7(d) ). The relative peak area (RPA) of NO 3 − in 409 BC particles measured by SPAMS is also consistent with the MARGA measurement 410 ( Fig. 7(d) ). During the nighttime in summer, lower temperature, higher relative 411 humidity and high concentration of NO3 (N2O5) favor the formation of nitrate in 412 particle phase (Wang et al., 2009; Wang et al., 2016a) . Fig. S5) , indicating that the SOC formation was associated with the 422 photochemical oxidant concentration during this study.
The relations between the mixing state and hygroscopicity of BC particles

423
Single particle mass spectrometry was also used to further investigate the mixing particles. The average ECOC particle size verse time is also shown in Fig. 8 . It peaked 431 between 13:00 to 15:00 in the afternoon. Since the concentration of sulfate in the 432 daytime was only slightly higher than that of nighttime ( Fig. 7(c) ), the increase of 433 ECOC particle size was mainly caused by the condensation of SOC rather than 434 secondary inorganic species. Therefore, in the afternoon, the intense photochemical 435 processes resulted in BC particles coated with more organic materials, leading to a 436 thicker coating thickness. 
Hygroscopicity and mixing state (coating material)
438
As discussed above, the chemical composition measurement clearly shows BC 439 particles were coated more SOC in the daytime and more nitrate in the nighttime.
440
Sulfate concentration did not change much between daytime and nighttime.
441
Meanwhile, at a given GF, the coating for hygroscopic mode BC particles was thicker 442 in the daytime and thinner in the nighttime. The water uptake ability of nitrate is much 443 stronger than secondary organics. Thus, compared to SOC, less nitrate coating is 444 needed for a given hygroscopicity or GF. To better understand this finding, we estimated volumes of different coating 446 materials required for a BC particle with a given hygroscopicity using the 447 Zdanovskii-Stokes-Robinson (ZSR) mixing rule (Stokes and Robinson, 1966) , Here, we assume is constant in both mixing states.
469
Combining equations above, the ratio of volume fraction of SOC to NH4NO3 is This calculation shows that higher volume fraction of SOC/(NH4)2SO4 is needed for a 472 BC particle to achieve the same GF as the one covered by (NH4)2SO4/NH4NO3. In this study, a HTDMA+SP2 system along with SPAMS were used to measure 484 BC particles' hygroscopic properties in Shanghai during 2017 summer. Three 485 hygroscopic modes, namely the hydrophobic mode, transition mode and hydrophilic 486 mode with GF at 1.0, 1.2 and 1.4, respectively, were selected to study the diurnal 487 variations in BC core and coating thickness as a function of time.
488
Our results reveal that the hygroscopicity of BC particle is determined by the 489 coating layer thickness and materials, both of which are affected by atmospheric Ye, X., Chen, T., Hu, D., Yang, X., Chen, J., Zhang, R., Khakuziv, A. F., and Wang, 736 L.: A multifunctional HTDMA system with a robust temperature control, Adv.
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